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ABSTRACT
Recent observations revealed a mysterious ultra diffuse galaxy, NGC1052-DF2, in the
group of a large elliptical galaxy, NGC1052. Compared to expectations from abundance
matching models, the dark matter mass contained in NGC1052-DF2 is smaller by a
factor of ∼ 400. We utilize controlled N-body simulations of the tidal interaction
between NGC1052 and a smaller satellite galaxy, that we suppose as the progenitor
of NGC1052-DF2, to test if tidal stripping can explain dark-matter deficiency at such
levels. We find that when assuming a tightly bound and quite radial orbit and cored
density structure for the dark halo of the satellite, our simulations reproduce well both
the mass profile and the effective radius inferred from the observations of NGC1052-
DF2. Orbital parameters are in the tail, but still consistent with measurements of
their distributions from cosmological simulations. Such strongly dark-matter deficient
galaxies, in our scenario, are thus expected to be relatively rare in groups and clusters,
and not present in the field.
Key words: galaxies: individual: NGC1052-DF2 – galaxies: formation – dark matter
– methods: numerical.
1 INTRODUCTION
A traditional galaxy population, low surface brightness
galaxies (LSBs), have been commonly observed as both
early (elliptical) and late (disc or irregular) types (Impey
& Bothun 1997). While typical LSBs have sizes of ∼ kpc
(e.g. Turner et al. 1993; McGaugh & Bothun 1994; Dalcan-
ton et al. 1997), some of them may be larger than 10 kpc
(Sandage & Binggeli 1984; Bothun et al. 1987). Recently,
van Dokkum et al. (2015) defined a sub-class of LSBs, ul-
tra diffuse galaxies (UDGs). At the distance of the Coma
cluster, the UDGs have the luminosity of a dwarf galaxy
at the size of a L∗ galaxy. Subsequent studies have followed
up their finding in the same galaxy cluster (e.g. Koda et al.
2015; Yagi et al. 2016), in other clusters and groups of galax-
ies (e.g. Mihos et al. 2015; van der Burg et al. 2017; Trujillo
et al. 2017) and even in the field (Papastergis et al. 2017).
While dark matter (DM) is thought to play a key role
in galaxy formation (White & Rees 1978) and typical UDGs
are dynamically dominated by DM (e.g. van Dokkum et al.
2016; Amorisco et al. 2018; Sifo´n et al. 2018), van Dokkum
et al. (2018b, hereafter vD18) inferred that a unique UDG
in the NGC1052 group, NGC1052-DF2, previously identi-
fied by Fosbury et al. (1978) and Karachentsev et al. (2000),
? E-mail: go.ogiya@oca.eu (GO)
is significantly lacking DM, using the kinetic data of globu-
lar clusters in the galaxy.1 The stellar mass of the galaxy is
2 × 108 M and theoretical models based on the abundance
matching technique and the standard theoretical framework
of galaxy formation (e.g. Behroozi et al. 2013; Moster et al.
2013) expect that it would be surrounded by a DM halo
with a mass of ∼ 5 × 1010 M. However, the DM mass of
NGC1052-DF2 is inferred as only ∼ 108 M within 7.6 kpc
from its centre. Note that the mass distribution of NGC1052-
DF2 is under debate. Martin et al. (2018) and Laporte et al.
(2018) showed that the current observation data only allow
to more weakly constrain the mass distribution than what
vD18 obtained. van Dokkum et al. (2018a) updated the ob-
servation data and confirmed the results in vD18. Also note
that the distance to NGC1052-DF2 may be actually shorter
than what vD18 measured and then NGC1052-DF2 might
be just a typical dwarf galaxy (Trujillo et al. 2018).
Tidal stripping may be a possible mechanism to form
such unique DM-deficient galaxies. Stars in a smaller satel-
lite system are tightly bound in the centre of its DM haloes
and thus would be more resilient to the tidal forces of larger
host systems, compared with the outskirt of the DM halo.
For example, Pen˜arrubia et al. (2010, hereafter P10) showed
1 Similar approach was adopted by Toloba et al. (2018) to mea-
sure the masses of UDGs in the Virgo cluster.
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that this mechanism can reduce the dynamical mass-to-light
ratio of the satellite systems by a factor of > 100.
Motivated by P10, we investigate using high-resolution
N-body simulations if tidal stripping can indeed explain
the deficiency of DM mass even at the extreme level vD18
obtained. Specifically, we consider the interaction between
NGC1052 and a possible progenitor of NGC1052-DF2. In
fact, some studies found the presence of HI tidal tails in
NGC1052 and suggested that the galaxy may have expe-
rienced a merger event with a satellite ∼ 1 Gyr ago (van
Gorkom et al. 1986; Pierce et al. 2005; Ferna´ndez-Ontiveros
et al. 2011). Section 2 describes the model calibrated for
the target galaxy pair. We show the results of our simula-
tions in Section 3 and summarize and discuss the results in
Section 4. Throughout this Letter, we use the cosmological
parameter set based on Planck Collaboration et al. (2016)
and define the virial radius of DM haloes as enclosing an
average density of 200 times the critical density. The virial
mass and radius of DM haloes are denoted as M200 and r200.
2 MODEL DESCRIPTION
2.1 Structural parameters
In this subsection, we calibrate the structural parameters of
the galaxy pair, NGC1052 (host) and a possible progenitor of
NGC1052-DF2 (satellite), using empirical relations. When
the relations require redshift, z, or we compute the virial
radius of the systems, we set z = 0. We characterize the
initial configuration of the host and satellite with a density
profile for spherical systems,
ρ(r) = ρs(r/rs)α(1 + r/rs)β−α
, (1)
where ρ(r) is the density profile as a function of the distance
from the center of the system (or more simply radius). The
model has four parameters in total: ρs and rs are the scale
density and length. The parameters, α and β, control the
inner and outer density slopes, respectively. The concentra-
tion of the system is defined as c ≡ r200/rs. For example, the
Navarro-Frenk-White (NFW) profile for the density struc-
ture of DM haloes (Navarro et al. 1997) corresponds to the
model of α = 1 and β = 3.
First, we use the stellar-to-halo mass relation by Moster
et al. (2013). The stellar mass of NGC1052 is M∗,h ≈ 1011 M
(e.g. Forbes et al. 2017) and the relation expects a halo mass
of M200,h = 1.1 × 1013 M. The virial radius of the host halo
is r200,h = 464 kpc. Some observations have measured the
dynamical mass enclosed within ∼ 20 kpc, corresponding to
∼ 7 effective radius of the galaxy. van Gorkom et al. (1986)
obtained M(< 19 kpc) = 3.1 × 1011 M using HI kinematics
and Pierce et al. (2005) derived M(< 23 kpc) = 1.7× 1012 M
with the kinematic information of globular clusters orbiting
around NGC1052. The mass of HI gas is ∼ 5 × 108 M (van
Gorkom et al. 1986) and that of the central super massive
black hole is ∼ 1.5 × 108 M (Woo & Urry 2002) so that
DM is the main contributor in the mass even at the central
20 kpc. We take only the DM halo into account for simplicity.
Assuming the NFW density profile and fixing the enclosed
mass, we get ch = 5.8, for the constraint of van Gorkom
et al. (1986) and ch = 51.2 for that of Pierce et al. (2005).
Giving the halo virial mass (and redshift), one can get the
typical concentration of DM haloes. Since the former is more
consistent with the c(M, z) relation by Ludlow et al. (2016),
we adopt it in this Letter.
For the satellite system, NGC1052-DF2, we adopt the
stellar mass measured by vD18, M∗,s = 2 × 108 M. The
relation by Moster et al. (2013) expects a halo virial mass of
M200,s = 4.9×1010 M and the corresponding virial radius is
r200,s = 77.3 kpc. We set the concentration parameter, cs =
11.2, as predicted by the relation of Ludlow et al. (2016).
Another interesting aspect of the halo structure is the
inner density slope. One of the long-standing issues on the
standard cold dark matter scenario is the so-called core-cusp
problem. While cosmological simulations of cold dark matter
model predict the power-law density structure, cusp, at the
centre of haloes (e.g. Navarro et al. 1997), the kinetic data
of low-mass dwarf galaxies prefer the model with a constant
density region, core, in the halo centre (e.g. Moore 1994;
Burkert 1995).2 The interstellar medium in galaxies heated
by supernova feedback temporarily expands, and after losing
thermal energy by radiative cooling, it falls back towards the
centre again to ignite the next star formation. The cycle of
gas expansion and contraction also lead the repetitive change
in the gravitational potential and dynamically heat up DM
to transform the central cusps into cores (e.g. Governato
et al. 2010; Pontzen & Governato 2012; Teyssier et al. 2013;
Ogiya & Mori 2014; On˜orbe et al. 2015; Peirani et al. 2017).
Di Cintio et al. (2014) found an empirical relation to connect
the central density structure of DM haloes with the stellar-
to-halo mass ratio of galaxies. Applying the relation for our
satellite model, we get α = 0.1. We run simulations varying
α, but fix β = 3.
We model the stellar component of the satellite with
the Hernquist profile (Hernquist 1990) which corresponds
to the model of α = 1 and β = 4. Stars are distributed
to r = 12.3 kpc, determined by the same manner with the
definition of the virial radius. We set the concentration for
the stellar component, c∗ = 23.0, that realizes the effective
radius of 0.93 kpc, consistent with the size-mass relation of
Lange et al. (2015).
2.2 Orbital parameters
We characterize the relative orbit between host and satellite
systems with the following two parameters. The first one is
the radius of the circular orbit corresponding to the orbital
energy, E, rc(E), scaled by the virial radius of the host, i.e.
xc ≡ rc(E)/r200,h. The second one is the orbital circularity,
η, defined as η ≡ L(E)/Lc(E), where L(E) and Lc(E) are the
angular momentum of the orbit having the orbital energy,
E, and that of the circular orbit with the same energy. The
distribution of the two parameters have been studied using
cosmological N-body simulations (Khochfar & Burkert 2006;
Wetzel 2011; Jiang et al. 2015). While typical orbits have
xc ∼ 1 and η ∼ 0.5, we set xc = 0.6 and η = 0.1, the lower
2 The situation is becoming more complicated in recent years.
Oman et al. (2015) showed that the rotation curves of observed
dwarf galaxies are diverse, i.e. dynamics of some dwarfs can be
explained with cuspy profiles while others prefer cored profiles.
On the other hand, ones in simulations are given as a function of
galaxy mass. The diversity may be described with e.g. the choice
of density profile models, deviation from the equilibrium state
and angle to observe galaxies (e.g. Read et al. 2016).
MNRAS 000, 1–5 (2018)
Tidal stripping and the UDG lacking DM 3
limits of the distributions (van den Bosch et al. 2018). Thus
the orbit we study is more tightly bound by the gravitational
potential of the host and more radial compared with the
typical ones. The satellite is initially located at the apocentre
of the orbit, (559, 0, 0) kpc and the velocity vector is (0,
20.6, 0) km/s in the host frame.3 Here we approximate the
two systems as point particles to get the vectors.
According to Wetzel (2011), the pericentre of the orbit,
0.003r200,h = 1.4 kpc, corresponds to the 1.2th percentile of
the distribution. In such a central region of the host galaxy
stars, gas disc, and central black hole (that we neglect) all
play a role. Thus the tidal force the satellite feels in our
model would be weaker than the actual. We emphasize that
the goal of this study is to investigate whether tidal stripping
can form galaxies with little DM as inferred by vD18 and,
in fact, the mechanism would work more significantly.
2.3 Simulation setup
In our simulations, the host is treated as a fixed NFW poten-
tial of the parameters described above. The timescale of the
orbital decay by dynamical friction (Chandrasekhar 1943)
would be of the order of (Mh/Ms)τd,h where τd,h is the free-fall
time of the host. Measuring it at r200, we get τd,h = 2.96Gyr.
The mass ratio between the host and satellite is Mh/Ms ≈ 224
and we can safely neglect dynamical friction because the
time scale of the orbital decay would be much longer than
the age of the Universe.
We follow the dynamical evolution of the satellite mod-
eled as an N-body system that consists of the two spherical
components (stars and a DM halo) in the initial configu-
ration and is initially in the dynamical equilibrium state.
Previous studies assumed that the satellite systems are al-
ways dynamically dominated by DM and neglected (P10)
or modelled the stellar component using mass less particles
(Errani et al. 2015). However, the goal of this study is to
investigate if tidal stripping can make the satellite galaxy
dynamically dominated by stars and thus including the stel-
lar component of the satellite system in a self-consistent way
is essential. Setting β ≤ 3, the analytical mass profile of
the system diverges in the limit of r → ∞. To avoid this,
we employ the sophistication proposed by Kazantzidis et al.
(2006). The density structure of the system is described as
Eq. (1) at r ≤ r200 and is exponentially decayed beyond
r200. The mass of 0.05M200 is initially distributed beyond
r200, keeping M(< r200) = M200. We numerically compute
the phase-space distribution function that takes the poten-
tial of the two components into account using the Eddington
formula (Eddington 1916). Our satellite system of the two
components stays at the initial configuration at least for
10 Gyr in the absence of the host potential.
We run two simulations, varying the parameter to con-
trol the inner density slope, α, of the DM halo of the satellite,
for 10 Gyr. In the the first one, we set α = 0.1 as predicted by
the empirical relation by Di Cintio et al. (2014) and adopt
α = 1.0, corresponding to the NFW profile, in the second
run. 100,761,600 particles (100,352,000 and 409,600 particles
are for the DM halo and stellar component, respectively) are
employed in each simulation and all particle have the same
mass, ≈ 510M. Numerical computation is performed by a
3 The host centre is fixed at the origin throughout simulations.
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Figure 1. Distribution of star (blue) and DM (red) particles
in the host frame (the origin corresponds to the centre of the
host potential) at t = 10Gyr in the run of α = 0.1. Black line
represents the relative orbit of the satellite system. 5,000 particles
are randomly selected from the respective components. The inset
panel is a zoomed view of the stellar component that locates at
the tip of the orbit, meaning that the stars are settled at the
centre of the satellite system. The similar distribution is obtained
in the run of α = 1.0.
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Figure 2. Evolution of the bound mass in the satellite systems.
Red and blue lines show the results from the runs of α = 0.1 and
1.0, and solid, dotted and dashed lines represent the total satellite
mass, DM and stellar components, respectively.
treecode (Barnes & Hut 1986) designed for Graphics Pro-
cessing Unit clusters (Ogiya et al. 2013). The opening angle
of the tree algorithm is θ = 0.6 and the Plummer softening
parameter is  = 0.03 kpc, determined by the prescription
of Power et al. (2003). The numerical convergence is veri-
fied with simulations, reducing the number of particles by a
factor of 10, but fixing the other parameters.
3 RESULTS OF SIMULATIONS
Fig. 1 illustrates the distribution of stars (blue) and DM
(red) at t = 10Gyr in the runs of α = 0.1. From each com-
ponent, 5,000 particles are selected and shown. We derive
the orbit of the satellite center in the host frame using the
scheme described in van den Bosch et al. (2018). As demon-
strated by many previous studies, the stripped matter re-
mains along the orbit and creates a leading arm and trailing
tail, as well as the shell structures at the apocentres. Note
that the bulk of the stellar component is still settled at the
centre of the satellite (the tip of the black line), as shown in
the inset panel.
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Figure 3. Enclosed mass within the radius, r . Note that the
spherically averaged 3D mass profile is plotted here while the stel-
lar mass profile in vD18 may be obtained from the 2D projected
luminosity profile. Upper and lower panels demonstrate the mass
profiles at the initial time of simulations and those at t = 10Gyr,
respectively. The color and line schemes are the same with those
in Fig. 2. Black triangles indicate the 90% confidence upper limits
on the enclosed mass of NGC1052-DF2 derived by vD18.
In Fig. 2, we demonstrate the evolution of the bound
mass in the satellite. The stellar mass (dashed) does not
significantly change with time in either of the two runs. On
the other hand, the bound mass of the DM halo (dotted)
decreases with time, especially at the pericentre where the
satellite feels the strongest tidal force, and the degree of DM
mass loss depends on the inner density slope, α (e.g. P10;
Errani et al. 2015). The mass of the cored halo (α = 0.1;
red) decreases by a factor of ∼ 1000 at t = 10Gyr and, as a
result, the stellar component dominates the total mass. In
the run of the NFW halo (α = 1.0; blue), ∼ 5% of the initial
DM mass is retained and the system keeps DM dominated
as it is in the initial configuration. According to the criteria
for numerical convergence in N-body simulations of tidal
stripping by van den Bosch & Ogiya (2018), the derived
mass would be reliable in both runs.
In Fig. 3, we compare the mass profiles of the satellite
at the initial time of the simulations (upper) and those at t =
10Gyr (lower). The same color and line schemes as in Fig. 2
are used. Initially, the satellite is a DM dominated system
in the both models while the stellar component dominates
in mass at r <∼ 1.5 kpc in the cored model. As implied by
Fig. 2, the mass profile of the stellar component is hardly
altered by the tidal force of the host potential because it is
tightly bound. The cored halo model has a smaller enclosed
mass than the model of the cuspy NFW halo at the same
radius (in the radial range shown in this figure) from the
beginning of the simulations. This represents that the cored
halo is less tightly bound than the cuspy counterpart. As a
result of tidal stripping, the difference in the mass profile
is significantly amplified. The cored halo model reproduces
the observational result by vD18 well, the stellar and DM
mass enclosed within the central 7 kpc of NGC1052-DF2 is
2 × 108 M and <∼ 108 M.4 Hence we conclude that tidal
stripping by NGC1052 can play an important role in forming
a DM-deficient UDG, such as NGC1052-DF2.
While we also make some tests varying the orbital pa-
rameters and the concentration of DM haloes, the param-
eter range allowed to reproduce the observation is not so
large. The distribution of stripped stars would depend on
the parameters and may be broader than that vD18 ob-
served. Follow-up deep observations with a wide field of
view, e.g. the Hyper Suprime-Cam of Subaru telescope,
may help to test the validity of the formation scenario and
make better constraints for the parameters. To estimate the
surface brightness of the stellar stream in Fig. 1, we as-
sume the distance to NGC1052-DF2 of 20 Mpc (e.g. vD18)
and stellar mass-to-light ratio of 1M/L. Then we find
> 30mag/arcsec2, below the detection limit of the Dragonfly
Telephoto Array. Note that this does not indicate detecting
such stellar streams is impossible since the simulation is just
an example reproducing the vD18 results and more detailed
studies are needed to discuss the distribution of stripped
stars and detectability.
4 SUMMARY AND DISCUSSION
We utilize high resolution N-body simulations to study
the tidal interaction between a large elliptical galaxy,
NGC1052, and one of its satellite galaxies and find it can
be a possible formation process of the unique DM-deficient
UDG, NGC1052-DF2 (vD18). We model an infalling satel-
lite galaxy (the progenitor of NGC1052-DF2) as a two-
component (stars and DM) N-body system and vary the
inner density structure of its DM halo, α, motivated by P10.
Other structural parameters and orbital ones are calibrated
using the results of the observations, abundance matching
techniques as well as numerical simulations.
Our simulations demonstrate that the observed mass
profile of NGC1052-DF2 by vD18 is reproduced when i) the
DM halo has a central density core; ii) the satellite is on a
tightly bound and quite radial orbit. The orbital parameters
are somewhat in the tails of the distributions in cosmological
simulations. Because of the rareness of the orbit, our scenario
expects that such significantly DM-deficient galaxies would
be rare in groups and clusters, and not present in the field.
We also measure the projected effective (half-light) ra-
dius, Re, of the Se´rsic profile (Se´rsic 1963). Stars in the sim-
ulations are randomly rotated and the projected radius that
contains 50% of the total stellar mass is measured, assuming
a two-dimensional axis ratio of b/a = 1, while vD18 derived
b/a = 0.85, where a and b are the principal semi-axes of the
ellipse that satisfy a ≥ b. We repeat the procedure 100 times
and obtain Re = 0.93 ± 0.00 kpc in the initial configuration
and Re = 1.97 ± 0.07 and Re = 1.17 ± 0.01 kpc at t = 10Gyr
4 Looking at mass contained in each radial bin, DM mass domi-
nates at r >∼ 3 kpc in the model of α = 0.1.
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in the models of the cored and cuspy profiles. Because the
mass in the outskirts of the surrounding DM halo is stripped
away, the potential well gets shallower and the stellar com-
ponent expands as a result. The resultant Re in the cored
model is approximately consistent with the observed one for
NGC1052-DF2 (2.2 kpc). Carleton et al. (2018) used a semi-
analytic model based on simulations by Errani et al. (2017)
and found similar results. While the mass profile hardly de-
pends on the initial Re, the resultant Re depends on it, ac-
cording to runs of N ∼ 107, varying the initial Re.
As pointed out by Martin et al. (2018) and Laporte
et al. (2018), large uncertainties remain in estimating the
dynamical mass profile of NGC1052-DF2 due to the lack of
tracers. While stellar streams have not been detected around
NGC1052-DF2 so far, ones might be found and contribute to
provide better mass constraints. More detailed studies would
provide predictions for the detectability and distribution of
possible stellar streams and test the validity of the formation
scenario of NGC1052-DF2 considered in this Letter.
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